Purpose: This study aimed to investigate the effect of adipose-derived stem cell (ADSC) transplantation on atherosclerosis (AS) and its underlying mechanisms. Materials and Methods: In our study, rat AS model was established, and ADSCs were isolated and cultured. Atherosclerotic plaque and pathological symptoms of thoracic aorta were measured by Oil Red O staining and Hematoxylin-Eosin staining, respectively. Total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) levels were measured by an automatic biochemical analyzer. Expressions of vascular endothelial growth factor (VEGF), vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), aortic endothelin-1 (ET-1), interleukin-6 (IL-6), c-reactive protein (CRP), and tumor necrosis factor α (TNF-α) were measured by enzyme linked immunosorbent assay, VEGF, VCAM-1, ICAM-1, ET-1, respectively, and NF-κB p65 mRNA expressions were detected by quantitative realtime polymerase chain reaction. Protein expressions of VEGF, VCAM-1, ICAM-1, ET-1, NF-κB p65, p-NF-κB p65, and IκBα were measured by western blot. Moreover, NF-κB p65 expression was measured by immunofluorescence staining. Results: ADSC transplantation alleviated the pathological symptoms of aortic AS. ADSC transplantation decreased the levels of TC, TG, and LDL-C and increased serum HDL-C level. Meanwhile, ADSC transplantation decreased the levels of IL-6, CRP, and TNF-α in AS rats. Moreover, the expressions of VEGF, ET-1, VCAM-1, and ICAM-1 were decreased by ADSC transplantation. ADSC transplantation inhibited phosphorylation of NF-κB p65 and promoted IκBα expression in AS rats. Conclusion: Our study demonstrated that ADSC transplantation could inhibit vascular inflammatory responses and endothelial dysfunction by suppressing NF-κB pathway in AS rats.
INTRODUCTION
Atherosclerosis (AS) is a chronic inflammatory disease in arte-rial walls, which is characterized by lipids deposition in the arterial vessel wall. 1, 2 AS causes various acute cardiovascular events, including myocardial infarction and stroke, and severely influences the patients' quality of life. 3, 4 Due to the change in dietary structure, AS incidence has been increasing worldwide and may reach epidemic proportions in the next few decades. 5 Therefore, it is urgent to find new therapeutic methods and targets for the treatment of AS.
Mesenchymal stem cells (MSCs) have the functions of promoting healing and immunomodulatory, 6 which provide an opportunity of using autologous MSC transplantation to promote tissue repair and regeneration in clinical practice. 7 Adipose-derived stem cells (ADSCs) are isolated from adipose tissue, and are ubiquitous in all kinds of MSCs. 8 Recently, MSC transplantation has been recognized as a new technique for treating various diseases. Previously, researchers have reported that ADSCs could enhance liver regeneration in acute liver injury. 9 Zhang, et al. 10 have indicated that ADSC transplantation alleviates brain edema from intracerebral hemorrhage. However, precise roles of ADSCs in AS and their potential molecular mechanisms remain to be further investigated.
Nowadays, it is well recognized that endothelial dysfunction is the initial step in the pathogenesis of AS. 11 The abnormal endothelial function further promotes a series of inflammatory response. 12 Nuclear factor-κB (NF-κB) has long been recognized as a key component of signaling mechanisms involved in the pathogenesis of a number of inflammatory responses. 13 Under normal physiological condition, NF-κB stays in the cytoplasm by interacting with the inhibitor of κB (IκB) proteins, of which the prototypical member is IκBα. Inflammatory factors, including interleukin-6 (IL-6), c-reactive protein (CRP), and tumor necrosis factor α (TNF-α), could activate IκBα. 13 In our study, we investigated the effects of ADSC transplantation on AS and its related molecular mechanisms. Our results suggested that ADSC transplantation could inhibit vascular inflammatory responses and endothelial dysfunction by suppressing NF-κB signaling pathway in AS rats. The results of our study may provide new theoretical foundation for deeply exploring the treatment of AS.
MATERIALS AND METHODS

Animal model of AS
Forty-eight male Sprague-Dawley (SD) rats (200-220 g) were supplied by Dashuo Co., LTD. (Chengdu, China). The rats were housed at room temperature with 45-60% humidity for at least a week to adapt to the environment. The rats were randomly assigned to two groups (24 rats in each group): normal group and AS group. Rats in AS group were intraperitoneally injected with vitamin D3 at a dose of 700000 IU/kg over 3 d. Subsequently, the rats were fed a high-fat vitamin D3 diet (2% cholesterol, 0.5% sodium cholate, 0.2% propyl thiouracil, 3% lard, 5% sugar, 0.0125% vitamin D3 powder, and 82.3% basic diet) every day for 3 weeks. Meanwhile, rats in normal group were fed a normal diet and injected with physiological saline under the same conditions. All animal experiments were conducted strictly in accordance with the guideline for the care and use of laboratory animals, and approved by the ethics committee of Second Provincial People's Hospital.
Determination of serum lipids
After 3 weeks of modeling, 6 mL of blood was collected. Total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) levels were then measured using an Olympus AU2700 automatic biochemical analyzer (Interscience, Saint Nom La Breteche, France).
Oil Red O staining assay
The aorta, which was cut from the root to the bifurcation of thoracic arteries, was fixed in 10% formalin. Aortic roots were sectioned to 5-μm thick sections and then stained with Oil Red O for 10 min. Subsequently, the sections were counterstained with hematoxylin to visualize the nuclei. Finally, the plaques were visualized with an optical microscope (Olympus, Tokyo, Japan).
Isolation and culture of ADSCs
ADSCs were isolated from the subcutaneous adipose tissue of 8-10 week old male C57BL/6J mice. In brief, the subcutaneous adipose tissue was chopped and digested with 0.1% collagenase type I (Gibco, Grand Island, NY, USA)/1% BSA solution at 37°C for 30 min. Following filtration, centrifugation, and resuspension, ADSCs were cultivated in Dulbecco's Modified Eagle Medium (DMEM) (Gibco, USA) supplemented with 10% fetal bovine serum (Beckman Coulter Inc., Miami, FL, USA) and 1% penicillin/streptomycin (Gibco). After 48 h, the adherent cells were washed with phosphate-buffered saline (Sigma-Aldrich Chemie, Steinheim, Germany) to remove loose cellular debris, and the medium was then changed every 3 days. ADSCs at three passage were stained for 15 min at room temperature with monoclonal PE-conjugated antibodies for CD34 and CD45 (BD Biosciences, San Diego, CA, USA) or FITCconjugated antibodies for CD44 and CD90 (BD Biosciences), and then incubated with the appropriate fluorochrome-conjugated secondary antibody. Isotype control IgG was used to stain the cells as control. Finally, samples were analyzed by flow cytometer (Beckman Coulter, Brea, CA, USA).
ADSC transplantation
After modeling, normal and AS rats were randomly divided into four groups (eight rats in each group): normal group, normal+ ADSCs group, AS group, and AS+ADSCs group. ADSCs cell suspension, labeled by PKH26 dye (Sigma-Aldrich Chemie) with a concentration of 1×10 10 L -1 (0.5 mL), was slowly injected into the rats of normal+ADSCs group and AS+ADSCs group through their tail vein. Furthermore, rats of normal group and AS group were injected with equal volume of DMEM medium.
Enzyme linked immunosorbent assay (ELISA)
After 3 weeks of ADSC transplantation, the rats were decapitated and their blood was rapidly collected. The levels of vascular endothelial growth factor (VEGF), vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and aortic endothelin-1 (ET-1) were measured using ELISA kits (R&D Systems Inc., Minnesota, MN, USA) according to the methods provided by the manufacturer. Meanwhile, inflammatory factors including IL-6, CRP, and TNF-α
Real-time fluorogenic PCR assay
Thoracic aortas were collected and the total RNA was extracted using TRIZOL (Invitrogen, Carlsbad, CA, USA) after 3 weeks of ADSCs transplantation. Then, total 500-ng RNA was reverse-transcribed into cDNA by Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific, Fremont, CA, USA), and measured using quantitative real-time polymerase chain reaction (qRT-PCR) (Bio-Rad Laboratories, Hercules, CA, USA) with SYBR green qPCR Master Mix (Thermo Scientific). Primers used for qRT-PCR analysis were as follows: VEGF (for-
Western blot analysis
Total proteins were extracted from the thoracic aortas by lysis buffer, and protein concentration was measured by BCA kit (TaKaRa, Kyoto, Japan). Protein samples (30 μg) were subjected to 10% SDS-PAGE and then transferred onto nitrocellulose membrane. Following blocking with 5% skim milk, the membranes were incubated with the primary antibody (ICAM-1, 1:1000; VCAM-1, 1:1000; ET-1, 1:1000; NF-κB p65, 1:1000; p-NF-κB p65, 1:1000, Abcam, Cambridge, MA, USA; VEGF, 1:1000; IκBα, 1:1000, Cell Signaling Technology, Beverly, MA, USA; GAPDH, 1:1000, Sino Biologial, Beijing, China) at 4°C overnight. Afterwards, peroxidase-labeled secondary antibody (anti-rabbit IgG, 1:5000, Abcam) was used for incubation for 1 h at room temperature. Protein blots were visualized with an enhanced chemiluminescence kit. Finally, density of western blot bands was analyzed using Quantity One 1-D Analysis Software (Bio-Rad Laboratories).
Hematoxylin-Eosin (HE) staining
The aorta, which was cut from the root to the bifurcation of thoracic arteries, was fixed in 10% formalin for 24 h. Afterwards, paraffin-embedded tissues were sectioned to 5-μm thick aorta sections after dehydration and vitrification. The aorta sections were deparaffined with xylene, rehydrated with gradient ethanol, and stained with HE dye in proper order. Histopathological changes were visualized with an optical microscope (Olympus) at ×400 magnification. Moreover, we also measured the thickness of the intima (I) and media of the aorta (M), and calculated the ratio of I/(I+M).
Immunofluorescence staining
Immunofluorescence staining for thoracic aorta tissue was performed on paraffin sections, which were prepared using the same method as in HE staining. After being blocked with 3% BSA to avoid nonspecific immunoreactions, the sections were incubated overnight at 4°C with primary antibody of NF-κB p65 (1:100, Abcam). The sections were washed three times and incubated at 37°C for 2 h with FITC-labeled goat anti-rabbit IgG (1:500, Abcam). Afterwards, the sections were stained by 4', 6-diamidino-2-phenylindole (DAPI) for 5 min at room temperature. Fluorescence images were randomly scanned by a single investigator, who was blind to sample identity, using a confocal laser scanning microscope at ×400 magnification.
Statistical analysis
All statistical analyses were performed using SPSS ver. 22.0 Statistical Software (IBM Corp., Armonk, NY, USA). The results were presented in the form of mean±standard deviation. Differences between various groups were analyzed by one-way ANOVA followed by Tukey's post hoc test, and data of the two groups were assessed using Student's t test. All experiments were repeated three times. p<0.05 was considered statistically significant.
RESULTS
Rats AS model is successfully constructed
The results of HE staining ( Fig. 1A) showed that the aorta in normal group was normal and did not show hyperplasia. However, the aorta had disorganized structures and visible atherosclerotic plaques in AS group. Meanwhile, the intima and media thickness of aorta increased significantly in AS group (p<0.001). The atherosclerotic plaque in aorta was determined by Oil Red O staining ( Fig. 1B ). Compared to normal group, the number of Oil Red O positive lipid droplets in AS group significantly increased (p<0.01). Furthermore, the ratio of I/(I+M) remarkedly increased in AS group compared to normal group (p<0.001) (Fig. 1C ). As shown in Fig. 1D , the serum levels of TC, TG, and LDL-C in AS group were significantly higher than those in normal group (p<0.001). In contrast, the serum levels of HDL-C in AS group were significantly lower than those in normal group (p<0.05). All of the results above revealed that AS model of rats was successfully constructed in our research.
Identification of ADSCs
As shown in Fig. 2A , P3 ADSCs had adherent growth ability, morphology of fibroblast-like cells, and radial shape appearance. The results of flow cytometry confirmed that ADSCs expressed CD44 (98.5%) and CD90 (97.3%), but not CD34 (4.12%) and CD45 (5.41%), which was consistent with the surface molecular characteristics of ADSCs (Fig. 2B ).
ADSCs transplantation alleviates the pathological symptoms of aortic AS in rats
As shown in Fig. 3A , after 3 weeks of ADSCs transplantation, red positive cells were found in normal+ADSCs group and AS+ADSCs group, while no fluorescent cells were found in normal group and AS group, indicating that ADSC transplantation was successful. In accordance with the aortic morphology observed via HE (Fig. 3B) , atherosclerotic plaques were formed in the vascular tissue of AS group (p<0.001), and the thickness of whole vascular wall increased (p<0.001). The visible atherosclerotic plaques and increased vascular wall thickness were alleviated in AS+ADSCs group (p<0.01). Consistent with the results of HE staining, the ratio of I/(I+M) significantly increased in AS group compared to normal and normal+ADSCs groups (p<0.001) (Fig. 3C ). Compared to AS group, the ratio of I/(I+M) markedly decreased in AS+ADSCs group (p<0.01) (Fig.  3C ). All of these results suggest that ADSC transplantation could alleviate the symptoms of aortic AS.
ADSC transplantation decreases the levels of lood lipids and inflammatory cytokines in AS rats
Compared to the values in normal and normal+ADSCs group, the serum levels of TC, TG, and LDL-C significantly increased (p<0.001) and serum HDL-C levels markedly decreased in AS group (p<0.01) (Fig. 4A ). Compared to AS group, the serum levels of TC, TG, and LDL-C significantly decreased (p<0.001) and serum HDL-C levels markedly increased in AS+ADSCs group (p<0.05) (Fig. 4A) . Furthermore, the levels of IL-6, CRP, and TNF-α in AS group significantly increased compared to those in normal and normal+ADSCs groups (p<0.001) ( Fig. 4B-D) . The levels of IL-6 (p<0.001), CRP (p<0.001), and TNF-α (p<0.01) in AS+ADSCs group were lower than those in AS group (Fig.  4B-D) . 
ADSCs transplantation inhibits endothelial dysfunction in AS rats
The results of ELISA revealed that the levels of VEGF, ET-1, VCAM-1, and ICAM-1 in AS group were remarkedly higher than those in normal and normal+ADSCs groups (p<0.001) ( Fig. 5A-D) . Compared to AS group, the levels of VEGF, ET-1, VCAM-1, and ICAM-1 decreased in AS+ADSCs group (p<0.001) ( Fig. 5A-D) . Meanwhile, the mRNA and protein expressions of VEGF, ET-1, VCAM-1, and ICAM-1 were measured by qRT-PCR ( Fig. 5E ) and western blot (Fig. 5F ). The results also confirmed that both mRNA and protein expressions of VEGF, ET-1, VCAM-1, and ICAM-1 in AS group significantly increased compared to those in normal and normal+ADSCs groups (p< 0.001). The mRNA expressions of VEGF, ET-1, VCAM-1, and ICAM-1 in AS+ADSCs group dramatically decreased compared to AS group (p<0.001). Similarly, the protein expressions of VEGF (p<0.05), ET-1 (p<0.05), VCAM-1 (p<0.01), and ICAM-1 (p<0.05) in AS+ADSCs group were significantly lower than those in AS group. All of these results suggest that ADSC transplantation could inhibit endothelial dysfunction in AS rats.
ADSCs transplantation inhibits NF-κB signaling pathway in AS rats
NF-κB is essential in regulating inflammatory gene expression. Activation of NF-κB was presented as the ratio of NF-κB p65 in cytoplasmic to nuclear localization. To confirm the activation of NF-κB in thoracic aortas, immunofluorescence staining was performed to detect the translocation of NF-κB p65 in four different groups (Fig. 6A ). Immunofluorescence staining results showed that the number of NF-κB p65-positive cells markedly increased in AS group compared to normal and normal+ADSCs groups (p<0.001). Compared to AS group, the number of NF-κB p65-positive cells decreased in AS+ADSCs group (p<0.01). The results were also confirmed by qRT-PCR (Fig. 6B ). The mRNA expression of NF-κB p65 markedly increased in AS group compared to normal and normal+ADSCs groups (p<0.01). Compared to AS group, the mRNA expression of NF-κB p65 decreased in AS+ADSCs group (p<0.05). In addition, western blot results revealed that p-NF-κB p65 expression in AS group significantly increased compared to normal and normal+ADSCs groups (p<0.001) ( Fig. 6C ). However, the expression of IκBα in AS group was markedly lower compared to normal and normal+ADSCs groups (p<0.01) ( Fig.  6C ). Compared to AS group, p-NF-κB p65 expression decreased (p<0.01) and IκBα expression increased (p<0.05) in AS+ADSCs group (Fig. 6C ). All of these results suggest that ADSC transplantation could inhibit NF-κB signaling pathway in AS rats.
DISCUSSION
AS is a chronic disease of the arterial wall, which is the main reason for death and loss of life expectancy of patients all over the world. 14, 15 Therefore, it is urgent to explore and discover in- novative and effective treatment strategies to better treat this disease. In the present study, we demonstrated that ADSC transplantation could inhibit vascular inflammatory responses and endothelial dysfunction by suppressing NF-κB signaling pathway in AS rats. MSCs could be isolated from various tissues including bones, embryos, fat, muscles, and bone marrow. 16 Previous research have confirmed that MSCs play important roles in tissue healing and regeneration. 17, 18 ADSCs, which are a group of multipotent stem cells isolated from adipose tissue, are ubiquitous and can be easily harvested. 19 Recently, transplantation of MSCs was shown to improve the recovery of patients in various diseases. 20 Therefore, ADSCs could be considered as ideal seed cells in regenerative medicine therapies and translational medicine research. Previously, researchers have reported that ADSCs could enhance liver regeneration in acute liver injury. 9 In our study, we investigated the effects of ADSC transplantation in AS, and found that ADSCs transplantation could alleviate the pathological symptoms of aortic AS. Moreover, some studies have demonstrated that the levels of TC and LDL-C are higher in AS, while HDL-C level is lower. 21 Our results confirmed that ADSC transplantation could decrease the serum levels of TC, TG, and LDL-C and increase HDL-C level, suggesting that ADSC transplantation could be beneficial for the treatment of AS.
Accumulating evidence have demonstrated that endothelial dysfunction is the initial step in the pathogenesis of AS. 11 Endothelial dysfunction is an imbalance of vascular regulator produced by vascular endothelium, such as nitric oxide and ET-1. 22 It is worth noting that ET-1 is an indicator molecules in the formation of AS 23 which also controls the effects of vasoconstrictors. 24 Adhesion molecules (ICAM-1 and VCAM-1) released by vascular endothelium are considered as other activators of early AS. 25 VEGF is a chemotactic factor during vascular inflammation, which is correlated to the progression of AS. 26, 27 In the present study, we found that ADSC transplantation could decrease the expressions of VEGF, ET-1, VCAM-1, and ICAM-1 in AS rats. Subsequently, the abnormal endothelial function further promotes a series of inflammatory responses. 12 Some research have shown that inflammatory factors could promote the development of AS. 28 Our results have confirmed that ADSC transplantation could decrease the levels of IL-6, CRP, and TNF-α in AS rats. NF-κB is a pleiotropic regulator of numerous genes involved in innate immunity and inflammatory response, and it also regulates the secretion of inflammatory mediators, such TNF-α IL-6, and IL-1β. 29 In the canonical NF-κB signaling pathway, the phosphorylation and degradation of IκBα could result in the release of NF-κB, followed by its translocation to the nucleus where it regulates proinflammatory gene expression. 30, 31 Accumulating evidence has demonstrated that NF-κB activation is an crucial pathway in the development of AS. 32 Furthermore, NF-κB signaling pathway contributes to the upregulation of ICAM-1 and VCAM-1. 33 Zhou, et al. 34 have reported that human ADSCs play an important role in immunoregulation by inhibiting NF-κB activation in T cells via PD-L1/PD-1 and Gal-9/TIM-3 pathways. In the present study, we investigated whether ADSC transplantation could play a role in AS through NF-κB signaling pathway, and found that ADSC transplantation could decrease the phosphorylation of NF-κB p65 and increase the expression of IκBα. Our results suggested that ADSC transplantation could inhibit NF-κB signaling pathway in AS rats.
In conclusion, ADSC transplantation could inhibit vascular inflammatory responses and endothelial dysfunction through the inhibition of NF-κB signaling pathway in AS rats. Our research provides an innovatively regulatory mechanism regarding ADSC transplantation in AS, and suggests a new way to treat AS. Further studies are needed to identify the mechanisms by which ADSC transplantation regulate other inflammatory signaling pathways, including mitogen-activated protein kinase family pathways and extracellular signal-regulated kinase.
